In order to generate the soft bending motion driven by pressure change in hydrogen gas, a soft device was made up and tested. In former research, a unimorph structure was proposed, in which a silicone rubber with LaNi 5 alloy powder distributed was piled up on a pure silicone rubber sheet. Using this structure we succeeded a bending motion of the soft device by applying hydrogen gas pressure. However the mechanical response was slow. To improve the active motion, a catalyst of Pd-Al 2 O 3 powder was mixed into the hydrogen storage alloy powder in the rubber. By simple addition of catalyst powder before dispersion into the rubber, we obtained drastically modified responses and displacement in the movement of the device. The catalyst probably accelerated dissociation of hydrogen molecule on the surface of hydrogen storage material particle.
Introduction
Hydrogen storage alloy, such as LaNi 5 , exhibits as large as 25% of volume expansion by hydrogenation under atmospheric pressure. 1) In our previous work, a new motion device has been proposed in a uni-morph structural composite film with hydrogen storage alloy like a bi-metal. The mover device using silicone rubber are made of two kinds of sheets. [2] [3] [4] One is the driving sheets of a silicone rubber with powder dispersion of hydrogen storage alloy, and another one is a pure silicone rubber for supporting. This mover device shows the bending motion induced by hydrogen gas pressure change. [2] [3] [4] [5] Additionally, the bending motion device of thin film hydrogen storage alloy with palladium coating for enhancing the responsiveness is also made up and tested. As a result, the palladium deposition reduces the initiating time from 100 to 1 s for the actuation to be measured after hydrogen gas exposure. 6, 7) In this paper, the effects of catalyst of Pd-Al 2 O 3 powder mixed to the hydrogen storage alloy powder before dispersing in the rubber on motion and its responsiveness have been investigated.
Experimental Procedure

Sample preparation
The sample LaNi 5 alloys was pulverized by mortar under argon gas atmospheres, then sieved to obtain a grain size of less than 100 mm in diameter. The chemical composition of hydrogen storage alloy powder was analyzed by energy dispersive X-ray spectroscopy (EDS: EMAX-5770, HORI-BA) as LaNi 5:2 . Pd(5 mass%)-Al 2 O 3 powders with 1 to 10 mm in diameter was mixed to the LaNi 5 hydrogen storage alloy powders before dispersing in the rubber. We proposed a mover device in a unimorph structure with powder hydrogen storage alloy dispersed, which was constructed with two kinds of silicone rubbers, like a bi-metal structure. One of them was pure silicone rubber (silicone sealant Cemedine 8060 pro; Cemedine Co., Ltd.) as substrate sheet (A), the another was only hydrogen storage alloy powder in rubber (B) or, rubber with hydrogen storage alloy powder mixed with Pd(5 mass%)-Al 2 O 3 powder for enhancing the responsiveness (C) as driving sheets. For the sample (B) only LaNi 5 powder (1.96 g) was mixed with silicone rubber (1.14 g). Sample (C) was formed with the mixture of composite of LaNi 5 powder (1.78 g) and Pd-Al 2 O 3 powder (0.184 g) dispersed into silicone rubber (1.15 g) (C). Sample size of (B) and (C) was 41 mm Â 7:4 mm Â 1:65 mm (length Â width Â thickness). All the sheets were formed using a mold. The schematic diagram of sample mover device sample was shown in the Fig. 1 . The movements of the samples were observed under evacuation or introducing hydrogen, where the evacuation was carried out from 0.3 to 0.01 MPa within 5 s using a mechanical rotary pump.
Calculation of strain
The sample was activated in a glass-made drive evaluation apparatus under the hydrogen atmospheres of 0.12, 0. 
Where is a half thickness of the uni-morph soft device and is a radius of curvature of the sheet center of actuator sample. Additionally the mover strain difference Á" yielded by the shape change before and after hydrogen gas absorption was defined as eq. (2).
where " o was the initial mover strain before the first hydrogen absorption. Figure 2 shows the optical photographs of mover devices at the shape change by hydrogen gas supply under 0.3 MPa. Although the LaNi 5 powder has been dispersed in driving sheet connecting with supporting sheet, a bending motion of the composite device cannot be found under atmospheric hydrogen gas pressure for 10 3 s (see Fig. 2-(a) ). To enhance the bending motion, the Pd-Al 2 O 3 powder, which acts as a catalyst, has been added in the driving rubber. In the Fig. 2 -(b), this sample is bended from base point line to broken line after 10 3 s. The soft composite device shows a tremendously large bending motion by hydrogenation because of volume expansion of the LaNi 5 powders in the driving sheet (right handed sheet in Fig. 2) . Figure 3 shows relationships between reaction time; t, after exposure to hydrogen under 0.3 MPa, and bending motion strain; Á". Although the remarkable bending motion cannot be found in the sample without the Pd-Al 2 O 3 powders, the catalyzed sample induces the tremendously large strain, which is over 2500 ppm at 5 s after hydrogenation. Figure 4 shows the relationships between reaction time; t, and bending motion strain: Á" after exposure to hydrogen under 0.12, 0.2, 0.3, 0.35 and 0.4 MPa. The bending motion strain at each reaction time strongly depends on the pressure for catalyzed sample. Increasing in gas pressure enhances the maximum motion strain. However the reaction time from 60 to 600 s decreases the bending strain under 0.12, 0.2, 0.35 and 0.4 MPa. The maximum motion strain under 0.3 MPa of hydrogen gas pressure is 50%-larger than those of 0.12 and 0.2 MPa and slightly smaller than those of 0.35 and 0.4 MPa. A larger motion over 2400 ppm is obtained after 1 ks under 0.3 MPa. Figure 5 shows the relationships between reaction time; t, after exposure to hydrogen under 0. on bending; Á", of motion device, which is performed under hydrogenation and evacuation cycles. The hydrogenation enhances the bending motion strain over 1400 ppm for 5 s of hydrogenation time. The evacuation for 5 s tremendously decreases motion strain to zero. Therefore, we confirmed that this reaction for short time is reversible.
Results
Discussion
Since the elasticity is 380-400 GPa for Al 2 O 3 , 8) 123.6 GPa for palladium 9) and 1:7 Â 10 À5 GPa for silicone rubber, 10) the deformation resistance of silicone rubber matrix is much smaller than those of other materials. Thus, the bending motion of the device assumed to be dominated by the volume expansion of LaNi 5 .
Although the remarkable bending motion cannot be found, the catalyzed sample induces the tremendously large strain over 2500 ppm after 5 s hydrogenation (Fig. 3) . The catalyzing enlarges the maximum strain, which is 400 times larger than that of unmixed sample. In addition, the catalyzing also enhances the responsiveness, which is 120 times higher than that of unmixed sample. The experimental results show that the motion strain and response speed can be drastically increased by the addition of catalyst powder mixed with the hydrogen storage alloy powder before dispersing into the silicon rubber. Namely, the effects of Pd-Al 2 O 3 catalyst on the mechanical responsiveness have been found for the unimorph type mover device. These phenomena are probably attributed to the change in the rate determining steps. Since the initial absorption rate of LaNi 5 alloy is proportional to the gas pressure of hydrogen, the dissociation of hydrogen molecule on the alloy surface is generally the rate determining step at room temperature.
11) Furthermore, addition of the catalyst of Pd-Al 2 O 3 accelerates the responsiveness of dissociation reaction. Since the determination step is the diffusion of hydrogen atom in oxide film, the initial absorption rate is proportional to the square root of pressure of hydrogen gas. 12) If both reactions occur in silicone rubber, we can conclude that the catalyzing activates dissociation of hydrogen molecules and then enhances the storage rate of hydrogen, resulting in large bending motion and high responsiveness.
As shown in Fig. 4 , the bending motion decreases for the reaction time after 60 to 600 s under 0.12, 0.2, 0.35 and 0.4 MPa. The volume expansion deforms the bending of the motion device because of the elasticity of the silicone for the short time. On the contrary, after meanwhile the bending recovery is yielded, when the relaxation occurs after plastic deformation. In case of the film sample deposited on polyimide substrate, which exhibits less relaxation, almost no decreasing of the bending motion is observed after long period of hydrogenation.
Conclusion
Effects of Pd(5 mass%)-Al 2 O 3 catalyst on the mechanical responsiveness of the unimorph type mover device have been investigated. The experimental results show that the mover strain and response speed can be drastically increased by the addition of catalyst powder mixed into the hydrogen storage alloy powder before dispersing into the silicon rubber. These results suggest the possibility of the device for medical purpose such as catheter because of a tough power but tender characteristic of the device.
